Dynein is the sole minus-end directed microtubule motor found in animals. It has roles in cell 25 division, membrane trafficking, and cell migration. Together with dynactin, dynein regulates 26 centrosomal orientation to establish and maintain cell polarity, controls focal adhesion 27 turnover and anchors microtubules at the leading edge. In higher eukaryotes, dynein/dynactin 28 requires additional components such as Bicaudal D to form an active motor complex and for 29 regulating its cellular localization. Spindly is a protein that targets dynein/dynactin to 30 kinetochores in mitosis and can activate its motility in vitro. However, no role for Spindly in 31 interphase dynein/dynactin function has been found. We show that Spindly binds to the cell 32 cortex and microtubule tips and colocalizes with dynein/dynactin at the leading edge of 33 migrating U2OS cells and primary fibroblasts. U2OS cells that lack Spindly migrated slower 34 in 2D than control cells, although centrosome polarization appeared to happen properly in the 35 absence of Spindly. Re-expression of Spindly rescues migration, but the expression of a 36
Introduction
Cell migration is required for development and homeostasis in almost all multi-cellular 48 organisms. The activation of this process requires specific stimuli from growth factors, 49 chemokines or extracellular matrix molecules, which activate specific receptors and 50 such as EB1 and CLIP-170, that bind to the plus-ends of microtubules and regulate their 96 dynamics (Folker et al., 2005 , Duellberg et al., 2014 , Valetti et al., 1999 , Vaughan et al., 97 1999 , Vaughan et al., 2002 . The dynein/dynactin complex was also described to be involved 98 in cytoskeleton reorganisation upon wounding and in directed cell movement (Palazzo et al., 99 2001b , Faulkner et al., 2000 , Smith et al., 2000 . In addition to the dynein and dynactin 100 complexes, several accessory factors, such as Lis1 and Ndel1, are important for the activity 101 of the motor in many contexts, including cell migration (Cianfrocco et al., 2015 , Reiner et al., 102 1993 . Recent In this study, we identified a direct role of human Spindly in wound healing and cell 122 movement. Although predominantly a nuclear protein, Spindly localizes at the leading edge 123 and focal adhesions in migratory cells. Cells lacking Spindly are slow to migrate in a scratch-124 wound assay, a defect that can be rescued by the reintroduction of the wild-type protein but 125 not by the expression of a mutant that fails to bind to dynactin. Therefore, we can conclude 126 that Spindly's role in cell migration is likely due to its function in regulating dynein/dynactin 127 activity, similarly to its established role in mitosis. These results delineate for the first time an 128 interphase role for Spindly and confirm that this protein is a key adaptor for the 129 dynein/dynactin motor complex in multiple cellular processes and in different cell cycle 130 phases. 131
Results and Discussion 133 134

Localisation of human Spindly in fixed non-mitotic cells 135
To date, there has been very little data on human Spindly in non-mitotic cells, and so we 136 began by assessing its localization. When we used an affinity-purified antibody raised against 137 the full-length recombinant protein to stain U2OS cells that were grown in a monolayer and 138 then scratched to induce cell migration, we noticed that, in addition to the expected nuclear 139 staining, there was also a cytoplasmic pool of protein ( Figure 1A upper) . We confirmed the 140 specificity of this staining by observing that siRNA depletion of Spindly eliminated the 141 staining ( Figure 1A To examine Spindly's localization in a more migratory cell type and to determine if it 146 localizes with any components of the dynein/dynactin complex, we fixed and stained primary 147 human fibroblasts to visualize filamentous actin, the p50-Dynamitin subunit of dynactin and 148 Spindly ( Figure 1D ). We clearly observed that Spindly and p50 co-localized at the leading 149 edge of these cells ( Figure 1D , lower panels). This colocalization was abolished by the 150 application of latrunculin D (Supplemental Figure 2 ), but remained in cells treated with 151 nocodazole to depolymerize microtubules ( Figure 1E ), suggesting that the proteins were 152 associating with an actin-based structure. 153 154
Live-cell imaging reveals that Spindly localizes to microtubule tips and mature focal 155
adhesions 156
To further explore Spindly's localization in interphase we asked whether Spindly could be 157 seen associating with the basal cell cortex and/or cytoskeletal elements. We therefore imaged 158 U2OS cells stably and inducibly expressing low levels of GFP-Spindly using total internal 159 reflection fluorescence (TIRF) microscopy. TIRF allowed us to strictly visualize the 160 localization of Spindly on or near the cell cortex, without interference from the nuclear 161 signal, which is dominant in wide-field microscopy. In TIRF, we observed that there was a 162 consistently bright fluorescent signal at the basal cortex. Additionally, we observed multiple 163 populations of GFP-Spindly foci on the cortex. Some appeared to be moving diffusively, 164 while others were more stable over multiple frames and appeared to be on cytoskeletal 165 structures and in cytoplasmic projections (Figure 2A and Movie S1). In order to better 166 understand how Spindly localizes in migrating cells, we visualized Spindly in U2OS cells 167 that were grown to confluency and then scratch-wounded to induce cell migration. We 168 observed that Spindly associated with the basal surface of the expanding plasma membrane 169 and in rapidly moving foci (Movie S2). 170
171
To determine if the foci of Spindly were associated with microtubule plus-ends, we 172 transfected our GFP-Spindly expressing U2OS cell line with TagBFP2-Tubulin and imaged 173 these cells with TIRF. A small fraction of the observed particles of GFP-Spindly were clearly 174 associated with microtubule plus-ends. The example shown in Figure 2B and Movie S3 175 contains a Spindly focus that remains on a microtubule that retracts and then grows over 10 176 seconds. 177
178
To further analyze the leading edge localisation of Spindly and its dynamics, we co-179 transfected our U2OS cells with RFP-Zyxin to visualize focal adhesions. Upon scratch-180 wounding, we followed the cells using TIRF microscopy. Figure 2C shows the recruitment of 181
Spindly to the leading edge in these moving cells. We observed that it enriched with Zyxin, 182 but only significantly after migration and Zyxin redistribution had begun. This indicates that 183 Spindly could potentially require focal adhesion maturation to be recruited or be involved in 184 the later stages of focal adhesion maturation or turnover (Nagano et al., 2012) . Furthermore, 185 in fixed cells we also observed the colocalization of endogenous Spindly and RFP-Zyxin at 186 focal adhesions at the cell periphery (Supplemental Figure 3 ). When we cotransfected GFP-187
Spindly and RFP-Zyxin into resting fibroblasts, we also observed that some GFP-Spindly 188 colocalized with RFP-Zyxin at focal adhesions ( Figure 2D ). However, the loss of Spindly did 189 not seem to affect the size, number, or distribution of focal adhesions in U2OS cells (data not Given that we observed Spindly on microtubule tips and focal adhesions in the cytoplasm of 198 interphase cells, and that we know that it can interact with the dynein/dynactin complex that 199 is essential for promoting rapid cell migration, we sought to determine whether Spindly might 200 also be involved in the cell migration process. We therefore carried out a scratch assay to 201 study two-dimensional cell migration in Spindly-depleted cells. This method is based on the 202 generation of an artificial gap or wound in a monolayer of cells that will drive the movement 203 of cells on the edge of the wound to close the gap. 204
205
We silenced Spindly expression in U2OS cells by treatment with specific siRNAs for 96 206 hours and then seeded cells into two small wells separated by a silicon wall. Once confluence 207 was reached, the insert was removed, generating a reproducible gap in the monolayer of cells 208 ( Figure 3A ). We followed the movement of the cells on the wound edge by live imaging for 209 at least 24 hours and then analysed the movies by measuring the width of the wound over 210 time ( Figure 3B ). In multiple independent experiments, cells depleted of Spindly (typical 211 results shown in Figure 3C ) showed slow closure rates and typically were not able to close 212 the gap after 24 hours ( Figure 3B control cells, we wished to exclude the possibility that the migration phenotype that we 219 observed was caused by defects in cell proliferation. We therefore synchronised cells in S 220 phase by administering Hydroxyurea (HU; 1mM) for 24 hours and repeated the scratch assay. 221
The stabilization of geminin ( Figure 3D ) confirmed that the HU treatment was blocking cell 222 cycle progression (McGarry and Kirschner, 1998). When we observed the control HU-treated 223 and the Spindly-depleted HU-treated cells, we found that the Spindly-depleted cells HU 224 treated were still slower to close the scratch wound. 225
226
We used kymographs to analyse the speed of cells migrating into the wound ( Figure 3E ) and 227 found that the Spindly-depleted cells were slower than the control cells, regardless of whether 228 or not cells had been treated with HU prior to wounding ( Figure 3F ). When we measured the velocity starting at different temporal points after wounding, we confirmed that the Spindly-230 depleted cells were moving slower than the controls at each time point. 231
232
To demonstrate that this phenotype was strictly due to a lack of Spindly expression, we 233 generated a stable cell line expressing a siRNA-resistant, tet-inducible GFP-Spindly to allow 234 the re-expression of Spindly after siRNA depletion of the endogenous protein. Figure 4 A-C 235
shows that re-expressing an exogenous copy of Spindly rescued the migration phenotype; 236 cells expressing wild-type GFP-Spindly showed a rate of wound closure similar to control 237 cells, even though the overall amount of GFP-Spindly was lower than the combined level of 238 endogenous and GFP-Spindly expressed in control siRNA treated cells. This experiment 239 provides further evidence that Spindly depleted cells are intrinsically defective in cell 240 migration, and that the defects we measure are not produced by off-target effects of the 241 siRNAs used. 242
243
We next wanted to determine if the non-mitotic Spindly function could be due to its 244 association with the dynein/dynactin motor complex. To test this, we generated a stable cell 245 line expressing a siRNA-resistant GFP-Spindly where serine 256 is mutated to alanine, a 246 mutation that abolishes the ability of the protein to bind to dynactin (as previously described, 247
Gassmann et al., 2010). We depleted the endogenous form of the protein and repeated the 248 rescue experiment with cells that now inducibly express GFP-Spindly S256A. The expression 249 of this mutant in the absence of the endogenous protein did not rescue the wound closure rate 250 to control levels (Figure 4 D-F). From this data we hypothesize that Spindly is playing a role 251 in cell migration via regulation of the dynein/dynactin motor complex. 252
Spindly depletion does not grossly affect the distribution of myosin or actin filaments or 254 centrosomal reorientation in migrating cells. 255
There was the possibility that the depletion of Spindly from migrating U2OS cells could 256 dramatically alter the actin-myosin or microtubule cytoskeleton as it did in Drosophila S2 257 cells, leading to the slow migration phenotype (Griffis et al., 2007) . To check this, we fixed 258 and stained migrating control siRNA-treated and Spindly-depleted cells with fluorescent 259 phalloidin and an antibody that recognizes the phosphorylated (active) form of the myosin 260 regulatory light chain. We did not observe any gross defects in the organization of actin 261 filaments and active myosin in these cells, although there was a trend towards lower levels of 262 phospho-myosin in Spindly-depleted cells ( Figure 5A ). 263 264 An important step in polarizing migrating cells is the reorientation of centrosomes towards 265 the leading edge, which is a dynein/dynactin dependent process and occurs after wounding 266 (Schmoranzer et al., 2009) . We wished to determine if this process was compromised in cells 267 lacking Spindly, and so we fixed and stained control and Spindly-depleted cells four hours 268 after scratch-wounding to visualize centrosomes and nuclei. We saw many examples of 269 Spindly-depleted cells at the wound edge where the centrosomes were oriented correctly 270 between leading edges and nuclei ( Figure 5B ). We therefore conclude that the migration 271 defects that we observed in the Spindly depleted cells are dynein/dynactin dependent, but 272 they are not caused by a wholesale loss of dynein/dynactin function. This is in keeping with 273 previous results, where we found that the depletion of Spindly did not cause the redistribution Human Spindly is primarily a nuclear protein in interphase cells, and before this report had 307 not been shown to have any interphase role. Human Spindly lacks the charged regions seen in 308
the Drosophila protein and is much less regularly observed on microtubules. Therefore, the 309 particles that we observed moving on plus-ends or near the cortex were probably not directly 310 bound to microtubules, but could be associated either with vesicles, plus-tip proteins, or other 311 microtubule binding complexes. A recent publication has reported that CENP-F can also be 312 seen associating with microtubule plus-ends, and so it may be that a subset of kinetochore 313 proteins associate with microtubule cargoes to help them attach to plus-ends (Kanfer et al., 314 2017) . Additionally, Spindly can now be considered like Zw10 and Mad1 as a kinetochore 315 proteins that has additional roles outside of mitosis (Wan et al., 2014 , Schmitt, 2010 . 316 317 Given our data that the wild-type Spindly protein can rescue migration but the S256A 318 dynactin-binding deficient point mutant cannot, we favour a model in which one or a few 319 particular dynein/dynactin functions in migrating cells require Spindly. Observing Spindly 320 enriching in the proximity of focal adhesions at the leading edge, may also indicate a role for 321 Spindly in cell adhesion, a process that has already been shown to be influenced by 322 dynein/dynactin activity (Rosse et al., 2012) . Future experiments to measure cell adhesion 323 and/or contractility in the absence of Spindly will be needed to test whether Spindly has a 324 role in regulating this process. However, this report represents a significant advance in our Human fibroblast cells were seeded onto glass coverslip and left grow until confluent. Then a 445 scratch was mechanically generated by using a 200µL tip and slides were fixed at different 446 times to check for protein recruitment at the leading edge. Staining was performed as above. 447 448 TIRF Imaging. Cells were grown and transfected in ibidi µ-Dishes; two hours prior to 449 imaging, the media was removed and replaced with a CO 2 independent Leibovitz's L-15 450 media without phenol red to lower autofluorescence. Imaging was performed on a Nikon Ti-451 E microscope with an environmental control chamber (Okolab), a PAU/TIRF slider, 63x and 452 100x 1.49 N.A. objectives, PerfectFocus system, a custom-built four-color (405nm, 488nm, 453 561nm, 647nm) diode laser (Coherent Inc., Santa Clara, CA, USA) system that has a Gooch 454 and Housego (Ilminster, UK) AOTF shutter (Solamere Technology; Salt Lake City, UT, 455 USA), an emission filter wheel (Nikon) with appropriate filters for eliminating crosstalk 456 between channels (Chroma Technology Corp, Bellow Falls, VT, USA) and a Photometrics 457
Evolve Delta camera (Tucson, AZ, USA). Images were all captured with µ-Manager (Open 458 Imaging Inc., San Francisco, CA, USA). In order to better visualize the moving particles of 459 Spindly among the basal fluorescence, we utilized a method that was developed for tracking 460 particles within Drosophila oocytes (Parton et al., 2011) . Briefly, images were denoised with 461 a 3D Gaussian blur filter with a radius of 1 pixel. A temporal median filter was then used to 462 extract only moving "foreground" features using a sliding time window (half-width = 4), and 463 "foreground" set to 4 standard deviations over the median value. The outputs of the temporal 464 filter were then trailed using a sliding window of time-points (half-width = 2) and averaged to 465 make moving particle trails obvious in all still frames. The temporal median filter plugin and 466 trails plugin were created by Graeme Ball (https://github.com/graemeball/IJ_Temporal). 467 468 Acknowledgments 469
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